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In previous work, we demonstrated the use of electrospray ionization to analyze small
differences in size or sequence of relatively small polymerase chain reaction (PCR) products of
114 base pairs or less. The sequence information required to answer a biological question may
be only a single nucleotide substitution or deletion. In many cases, the regions where these
sequence variations can occur are several hundred base pairs in length, and the analysis of
large PCR products is therefore desirable. Therefore, we have attempted to expand the size
range of PCR products that can be analyzed by electrospray ionization (ESI) Fourier transform
ion cyclotron resonance (FTICR) mass spectrometry. Previous work has shown that the
difficulties associated with PCR product analysis increase with product size. A revised cleanup
scheme was employed to target the removal of detergents with ethanol wash or precipitation
steps, followed by additional desalting. Additionally, an in-trap cleanup to collisionally induce
dissociation of noncovalent salt adducts was employed. This approach was extended to a 223
base pair PCR product yielding mass measurement accuracy within 26 ppM. The mass
measurement accuracy obtained illustrates that a single base substitution could be identified
at this size of PCR product with a 7 tesla ESI-FTICR. (J Am Soc Mass Spectrom 2000, 11,
333–337) © 2000 American Society for Mass Spectrometry
The polymerase chain reaction (PCR) has been acommonly used molecular biological tool forover a decade in a variety of areas, including
forensic medicine, pathogen identification, and genetic
disease detection [1–3]. This is because PCR requires
only a small amount of sequence information, minute
sample quantities, and can be completed in under an
hour. Much of the developmental work has focused on
obtaining specific information from PCR products re-
garding single base deletions and substitutions using a
variety of techniques [3]. The need for techniques able
to resolve slight genetic differences is vital in situations
where genetic probes or nucleotide sequencing are
unable to identify the sequence variation.
Mass spectrometry (MS) provides a basis for detect-
ing both length and sequence variations of PCR prod-
ucts based on a difference in mass. Two types of
ionization, matrix assisted laser desorption/ionization
(MALDI) and electrospray ionization (ESI) have been
used to analyze PCR products.
There have been numerous studies describing PCR
product analysis by ultraviolet (UV) MALDI [4–6]. A
more recent report has described detection of a single
base substitution for a single strand at the 69-nt level
[7]. However, to determine the nucleotide composition
of the product, an accurate mass measurement of both
strands would be required [8]. This problem has re-
cently been addressed by mass labeling specific bases to
obtain this type of information at the 21-nt level [9].
With respect to product size, tremendous advances in
detecting extremely large pieces of DNA have been
made using infrared (IR) MALDI with strands up to
2180-nt detected [10].
The ability to analyze PCR products has also been
demonstrated using ESI coupled with mass spectrome-
try [11, 12]. One advantage of using ESI is that the
resulting multiply charged ions bring the products into
a m/z range where high-resolution mass measurements
can be obtained. It has been previously demonstrated
that sufficient mass accuracy could be obtained for
identification of single base deletion or substitution [11,
13, 14]. Furthermore, it was shown that a unique base
composition could be determined for a 114 base pair
(bp) product that identified a previously undescribed
base substitution [8, 15].
Our previous work focused on relatively small prod-
ucts, with the largest single strands of DNA studied
being a 114-bp product [16]. Although the specific
genetic changes detected may involve only a single
base, it is not always possible to predict the location of
Address reprint requests to Richard D. Smith, Environmental Molecular
Sciences Laboratory, Pacific Northwest National Laboratory, PO Box 999,
Richland, WA 99352. E-mail: RD_SMITH@PNL.GOV
© 2000 American Society for Mass Spectrometry. Published by Elsevier Science Inc. Received April 28, 1999
1044-0305/00/$20.00 Revised December 3, 1999
PII S1044-0305(99)00156-7 Accepted December 12, 1999
that base change. Coding regions for proteins such as
the merlin protein involved in neurofibromatosis are
spread across 100 kilobases [17]. The suspected “hot
spots” for mutations, such as single nucleotide substitu-
tions, may span hundreds of base pairs [17]. Therefore it is
advantageous to examine larger PCR products that will
encompass a variety of potential base changes. Recent
work by Muddiman et al. describes the analysis of a
double stranded 500-bp product exceeding 300 kDa in
size [18]. However no reports of PCR products in excess
of 114 bp analyzed by ESI-MS as single strands have
been made. To this end, we have analyzed significantly
larger PCR products as single strands by ESI-FTICR.
There are several issues that influence the ability to
detect large DNA segments by ESI-MS. Among these
are decreasing ionization efficiency with products of
increasing size and increased salt adduction. Removal
of metal salts has been a continuing theme for improv-
ing DNA analysis by ESI-MS [19, 20]. As product size
increases, backbone sites for metal adduct formation
also increase, making salt removal even more critical.
Previous study used infrared multiphoton dissociation
(IRMPD) to remove salt adducts within the ICR cell
[21]. Using a variation on our previously described
in-trap cleanup method, based on a collisional dissoci-
ation approach for salt adduct removal [22], we have
examined the issues of ionizing and detecting a 223 base
pair PCR product by 7 tesla ESI-FTICR.
Methods
Polymerase Chain Reaction
The Lambda (bacteriophage DNA used as a template) was
purchased from Promega (Madison, WI). The oligonucle-
otide primers were synthesized and labeled correspond-
ing to locations in the “head–tail joining region” in the
available phage genomic sequence (Genebank accessison
numbers J02459 M17233 M24325 V00636 X00906). The
sequence of the primers used were 59-acaggaagaactt-
gccg-39 for “lam9Forward” and 59-gaagggtgggaatg-
gtg-39 for “lam232Back” to produce the 223 bp PCR
product. The primers used to produce the 89 base pair
product were “lam111forward” 59-cacttccgtgctgacc-39
and “lam199back” 59-aaatcctgcaggtccc-39. The 56 base
pair product was amplified using “lam111forward” in
conjunction with the primer “lam166back” with the
sequence 59-tgccggtctgcacttcc-39. All of the PCR product
strands corresponding to the Genebank sequence are
referred to as “coding,” whereas the complementary
strands are labeled as “noncoding.”
The PCR reactions were carried out on a Perkin
Elmer series 9000 thermocycler in 100 mL reaction
volumes. Final concentrations of reaction components
were 20 ng of phage template, 1.5 mM MgSO4, 10 mM
KCl, 10 mM (NH4)2SO4, 20 mM tris-HCl, 250 mM of
each dNTP, 100 mM of each primer, 1 U of Pfu DNA
polymerase (Strategene, La Jolla CA), 0.1% Triton
X-100, and 1 mg of BSA. Each reaction included 40 ng of
phage template. The PCR cycling conditions were:
denature, 95 °C (30 s); anneal, 48 °C (30 s); extend, 72 °C
(30 s) for 30 cycles.
PCR Product Purification
Five 100 mL reaction volumes were pooled in each case
prior to PCR product purification. The removal of PCR
reaction components was performed using the Qia-
quick PCR product purification kit from Qiagen (Valen-
cia, CA). These columns were used according to the
manufacturers’ instructions with the exception that the
“wash” buffer was changed to 100% ethanol. Three
ethanol wash spins were used to remove the binding
buffer. A 10 mM ammonium acetate (pH 8.5) buffer was
used to elute the products from the columns. An
alternative cleanup procedure was the microcon-30, 30
kDa molecular weight cutoff microcentrifuge spin col-
umns from Amicon (Beverly, MA). The 500 mL of
reaction volume was spun for 20 min at 10,000 g,
followed by subsequent spins with 100 mM ammonium
acetate, 100% ethanol, or both as indicated in the text.
Ethanol precipitation was carried out by adding ammo-
nium acetate to a final concentration of 500 mM, and a
15-fold excess of 100% ethanol at 280 °C overnight.
Following precipitation, the DNA was centrifuged to a
pellet at 10,000 g for 20 min, washed with 70% ethanol
and resuspended in 10 mM ammonium acetate. Micro-
dialysis was carried out as previously described using a
13 kDa molecular weight cutoff fiber from Spectrum
(Houston, TX) [23] and a countercurrent buffer of 1 mM
ammonium acetate flowing at 0.5 mL/min. Following
purification, yield of PCR product was estimated after
agarose gel electrophoresis on a 3.0% gel using 3:1
high-resolution agarose from Amresco (St. Louis, MO)
as previously described [11]. The estimated product
concentration prior to addition of the acetonitrile and
piperidine/imidizole was 800 nM for the 56 and 89 bp
products and 400 nM for the 223 bp product. Prior to
electrospray ionization, acetonitrile was added to each
sample to a final concentration of 45% and both piper-
idine and imidizole to final concentrations of 25 mM
unless otherwise noted.
ESI-FTICR MS
The samples were infused at 0.3 mL/min through a
hand pulled 50 mM i.d. fused-silica capillary; ESI was
performed in negative ion mode at 1.8 kV. A flow of SF6
sheath gas was used to suppress corona discharge. The
7 tesla ESI-FTICR mass spectrometer used to obtain all
spectra has been previously described [24]. Mass spectra
were obtained using a standard experimental sequence
employing in-trap accumulation (i.e., ion injection, ion
cooling/pumpdown, and excitation/detection). A piezo-
electric pulse valve (Lasertechniques, Albuquerque,
NM) was used to inject N2 for 1.0 to 1.5 s for accumu-
lated trapping of ions and collisional dissociation of
noncovalent adducts. Broadband excitation was ap-
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plied for “in trap” cleanup of adducted species using a
low-energy chirp excitation from 10 to 110 kHz at 10
Hz/ms sweep rate and 22 Vpp amplitude. An Odyssey
data station (Finnigan, Madison, WI) provided ICR trap
control, data acquisition, and storage. Typically, coher-
ent ICR motion was excited by dipolar frequency sweep
excitation (;125 Vpp amplitude, excitation over a 125
kHz bandwidth with a 70 Hz/ms sweep rate). Data
analysis was performed using the ICR2LS software
package developed at PNNL [25].
Results and Discussion
The factors influencing the reproducibility of PCR prod-
uct analysis by ESI-FTICR were examined by varying
the cleanup steps employed prior to mass spectrometry.
The major issues involved the identification and elimi-
nation of buffer components that are incompatible with
electrospray ionization (e.g., detergents), while produc-
ing a consistent signal corresponding to desalted PCR
products.
Two possible sources of contamination that inhibited
mass spectral analysis were the cleanup columns/
solutions used for product purification and the PCR
reaction buffer itself. The Qiaquick PCR purification
columns originally used in our cleanup scheme con-
sisted of a silica resin within a cartridge suitable for
microcentrifugation. The products to be purified were
mixed with a large excess of guanidinium-HCl and
bound to the column with a single centrifugation step.
The steps to remove the guanidinium-HCl solution, and
elution of the products were performed with solutions
made from laboratory reagents. However, the exact
composition of the “binding buffer” and pretreatment
of the spin columns is proprietary information of the
manufacturer. Therefore, the contribution of contami-
nating species from these columns to inconsistent
ESI-MS results was not known.
The alternative to the Qiaquick columns was the
“microcon” spin columns using a 30 kDa molecular
weight cutoff membrane in conjunction with ethanol
precipitations. These steps were used in various com-
binations prior to desalting using microdialysis. Five
reactions were used to produce the 56-bp product and
the relative length was confirmed by gel electrophore-
sis. After amplification, 500 mL of PCR reaction volume
was centrifuged in a microcon 30, followed by two
subsequent spins with 100 mM ammonium acetate and
one with 10 mM ammonium acetate before recovery.
After a single dialysis step, an approximately 0.5 M
solution of the product was prepared in the ESI buffer,
and analyzed by ESI-FTICR (Figure 1A). The spectrum
contains numerous singly charged ions at 44 m/z inter-
vals. This mass difference corresponds to mass of the
polymer subunits of the triton X-100 detergent present
in the Pfu reaction buffer. An 89-bp product was also
prepared in parallel with the 56-bp product with the
successive microcon spins and dialysis. However, an
additional step was performed to remove the buffer
detergent. After dialysis, an equal volume (50 mL) of 1
M ammonium acetate was added to the solution. After
the addition of 1.4 mL of 100% ethanol, the samples
were placed at 280 °C overnight. Following centrifuga-
tion, the pellet was resuspended in 50 mL of 10 mM
ammonium acetate. The resulting spectrum obtained
after dilution into the standard ESI buffer is shown in
Figure 1B. Charge states 242 and 252 for the strand
labeled “noncoding” were evident despite the poor
signal intensity. With an in-trap cleanup step, the signal
for the same sample is dramatically improved (Figure
1B). The 202 through 262 charge states were evident
along with a second set of charge states corresponding
to a smaller product. The measurements yielded masses
of 27,547.1 6 0.5 and 27,323.8 6 0.5 Da for the 89-bp
coding and noncoding strands, respectively. When
compared to the theoretical average masses of 27,546.9
and 27,323.7 Da of each, the mass error was calculated
to be 8 and 3 ppm, respectively. The additional smaller
product observed after cleanup did not correspond in
mass to any base or nucleotide loss product from the
89-bp product during in-trap cleanup.
With the effective removal of detergent after precip-
itation (Figure 1B), it appeared that residual salt was the
major factor limiting the spectral quality. Therefore, the
56-bp product analyzed in Figure 1A was precipitated
in ethanol with ammonium acetate. This was followed
with a single microdialysis step using a 1 mM ammo-
Figure 1. (A) Mass spectrum of a 56 base pair product amplified
from the lambda phage PCR template. The sample was concen-
trated on a microcon 30, then washed three times with ammonium
acetate and retrieved. Note that a 44 Da spaced series of singly
charged peaks (see inset) dominates the spectrum. (B) Spectrum of
an 89 base pair product from the lambda phage template. The
sample was treated identically as in A, except that a single ethanol
precipitation followed the microcon spins. Only two charge states
(242 and 252) are visible for the noncoding (N) strand. Using the
in-trap cleanup, charge states 202 through 262 are apparent for
the 89-bp product. An additional product was clearly recognizable
using the in-trap cleanup. (C) Spectrum for a 56 base pair product
prepared identically as in A, with the addition of an ethanol
precipitation and microdialysis step. No in-trap cleanup was
required to obtain the spectrum. Two products of 55 and 56 base
pairs are present (inset shows 142 charge state for each).
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nium acetate dialysis buffer. After mixing with the
acetonitrile and piperidine/imidizole solution, the
56-bp PCR product could be observed (Figure 1C) even
without an in-trap cleanup step. The low intensity pairs
of charge states evident in Figure 1C apparently corre-
spond to a 55-bp product. When compared to the
expected 56-bp product there is a loss of 329.2 Da from
the noncoding strand and 312.8 Da from the coding
strand (i.e., the loss of a dG [329.2 Da] and a dA [313.2
Da], respectively). The additional product does not
correspond to the loss of a Watson–Crick base pair, but
instead the loss of the 39 nucleotide from the end of each
strand. The removal of the 39 nucleotides may be related
to the 39 to 59 exonuclease activity of the Pfu DNA
polymerase [26]. This suggestion is supported by the
fact that the 39 terminal nucleotides are dA and dG for
the coding and noncoding strands, respectively.
The 56-bp product analyzed in Figure 1A clearly
illustrated the need to eliminate buffer detergents. Ad-
ditionally, the use of alternating ethanol wash and
microdialysis desalting steps proved beneficial in the
analysis of the 56-bp product, so a similar scheme was
used to purify a 223-bp product utilizing the Qiaquick
PCR cleanup.
After PCR amplification from the template, the prod-
uct was purified using the Qiaquick column and micro-
dialyzed with 1 mM ammonium acetate. Following an
ethanol precipitation, a second dialysis step was per-
formed and the product was mixed with the electro-
spray buffer. Figure 2A shows charge states 512 to 592
appearing in the 1160 to 1350 m/z range corresponding
to an expected 223 bp product. It is important to note
that the product appears as its individual strands. As
will be discussed later, the mass of each strand is
required for PCR product base composition or base
substitution determination. By employing the in-trap
cleanup, a broader and higher quality charge state
distribution can be obtained (Figure 2B).
Low energy photodissociation to remove salt ad-
ducts from DNA up to 100 nucleotides in length had
been previously reported [21]. In this report, adducts
were removed using a low energy collisional activation
step. This approach was also previously used for pro-
tein analysis to improve spectral quality [22]. This
demonstrates the effectiveness of collisional activation
for in-trap removal of adducts for larger oligonucleo-
tide strands than previously reported.
The measured mass was 69,060.0 Da for the coding
strand and 68,612.5 Da for the noncoding strand. When
compared to the theoretical values of 69,061.7 and
68,614.3 Da for each strand, the measurements repre-
sent combined average errors of less than 26 ppm (1.8
Da) for each strand. As a measure of the mass precision,
the confidence interval of the mean was calculated for
four different mass measurements. Using the average of
the four data sets, the 95% confidence limits were
determined to be 6 2.5 Da for the coding strand and 6
2.2 Da for the noncoding strand. These measurements
used an external calibration; a significant improvement
in mass measurement accuracy should be achievable
using an internal calibrant. However, additional ioniz-
ing species could have reduced product ionization
efficiency, so no attempt was made to add an internal
calibrant. An alternative method of calibration (i.e.,
DeCAL) that removes the effects of space charge on
high accuracy mass measurements without the require-
ment for internal calibrants has been developed [27].
Future application of this approach may also improve the
mass accuracy for large molecules analyzed by FTICR.
The mass measurements for the 223 base pair prod-
uct clearly demonstrate that individual strands of large
PCR products can be studied by electrospray ionization
mass spectrometry. The utility of a product mass mea-
surement in determining the presence of sequence
variations requires that both strands be detected. How-
ever, with increasing product size, the demands placed
on mass measurement accuracy needed to identify
single base substitutions are also increased. The most
challenging case lies in an adenine to thymine substitu-
tion where a 9.0 Da difference exists. Based on the mass
measurement accuracy for the 223-bp product, a single
nucleotide substitution should be identifiable for this
product size. However, determination of a unique base
composition would not be possible at the current level
of accuracy. It was previously demonstrated for a
product of 114 base pairs that a mass precision of
greater than 15 ppm was needed to uniquely identify
the base composition [8]. The problem of identifying the
base composition of a product requires greater mass
precision as mass increases. The use of base specific
“mass tags” to constrain the base composition algo-
rithm could provide a means to obtain this information
for PCR products of this size [8]. One means of incor-
porating the base-specific tags has been investigated
using small products analyzed by MALDI-MS [9].
Figure 2. The mass spectrum of a 223 base pair product ampli-
fied from the lambda phage template obtained without (A) and
with (B) in-trap cleanup. By employing the low energy CID
cleanup, a broader distribution of charge states is apparent with
improved signal to noise ratio (B).
336 WUNSCHEL ET AL. J Am Soc Mass Spectrom 2000, 11, 333–337
Conclusions
This report demonstrates for the first time that PCR
products of over 220 base pairs can be analyzed as
individual strands following electrospray ionization. By
observing the product as its individual strands, base
composition variations can be determined. As with the
smaller PCR products, sample cleanup is a critical require-
ment for successful analysis. Although the combination of
ethanol washes/precipitations and microdialysis desalt-
ing steps proved adequate, it should be noted that some
variability in sample to sample success still existed. Alter-
nate means of sample cleanup or preparation for electro-
spray ionization may prove beneficial. The signal intensity
for the 223 base pair product was clearly improved using
the in-trap cleanup approach. Several different spectra
were obtained with slightly different cleanup conditions
as well as without cleanup in the cell. The mass measure-
ments are given as an average of four spectra to minimize
any effect that the different instrumental conditions would
have on the results. The resulting average was very close
to the theoretical mass value of each strand. Given the
mass measurement accuracy of 26 ppm, detection of a
single base substitution is clearly feasible for the 223
base pair PCR product by 7 tesla ESI-FTICR. This is in
comparison to the results provided by UV-MALDI-MS
where 69-nt strands were measured to within 50 ppm
allowing the detection of a base substitution at that size
[7]. Using IR-MALDI-MS, the mass of species from
21-nt to 2180-nt were measured to within 0.3% to 0.6%
mass accuracy, suggesting the ability to detect 3-nt
(;925 Da) differences at the 100-nt level [10].
The variations in cleanup strategy illustrate the need
to eliminate PCR buffer detergents prior to analysis by
electrospray ionization. The steps used to eliminate
detergents involved either an ethanol precipitation or
successive ethanol washes. Careful attention to desalt-
ing was also required. Alternating ethanol washes and
microdialysis desalting steps proved successful in ob-
taining clear mass spectra for the 223-bp product.
Additionally, in-trap cleanup greatly improved spectral
quality for the large PCR products. The present work
shows that single stranded oligonucleotides of .100-
mer sizes are clearly stable for in trap cleanup by low
energy collisional activation.
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